We consider solid surface scattering of molecules that were subject to strong non-resonant ultrashort laser pulses just before hitting the surface. The pulses modify the rotational states of the molecules, causing their field free alignment, or a rotation with a preferred sense. We show that field-free laser induced molecular alignment leads to correlations between the scattering angle and the sense of rotation of the scattered molecules. Moreover, by controlling the sense of laser induced unidirectional molecular rotation, one may affect the scattering angle of the molecules. This provides a new means for separation of mixtures of molecules (such as isotopes and nuclear-spin isomers) by laser controlled surface scattering.
I. INTRODUCTION
Laser control of molecular rotation, alignment and orientation has received significant attention in recent years (see e.g. reviews [1] ). Interest in the field has increased, mainly due to the improved capabilities to manipulate the characteristics of the laser pulses (such as time duration and temporal shape), which in turn lead to potential applications offered by controlling the angular distribution of molecules. Since the typical rotational time scale of small molecules is 'long' (∼10 ps) compared to the typical short pulse duration (∼50 fs), effective rotational control and manipulation are in reach. During the last decade, coherent rotational dynamics of pulse-excited molecules was studied [2] , and multiple pulse sequences giving rise to enhanced alignment were suggested [3] , and realized experimentally [4] . Further manipulations, such as optical molecular centrifuge [5] and alignment-dependent strong field ionization of molecules [6] , were demonstrated. Selective rotational excitation in bimolecular mixtures was suggested and demonstrated in the mixtures of molecular isotopes [7] and molecular nuclear-spin isomers [8] . Aligned molecules were also shown to be useful for other applications, including: generation and modification of ultrashort light pulses [9] , control of high harmonic generation [10] , amplification of terahertz pulses [11] , elucidation of molecular structure [12] , rotational spectroscopy [13] , manipulation of chemical reactions [14] , and others. Finally, it was demonstrated that these new methods for manipulation of molecular rotation can also be used to modify the motion of molecules in inhomogeneous fields, such as focused laser beams [15, 16] , or static electric [17] and magnetic [18] fields.
Modification of the molecule-surface scattering and molecule-surface reactions by external fields of different nature is a long-standing research problem. In particular, the effect of molecular orientation by a static electric hexapole field on the scattering process was investigated in detail [19] . Laser control of the gas-surface scattering process was achieved using multiphoton ionization of the impinging molecules by long laser pulses of variable polarization [20] , and the possibility of controlling molecular adsorption on solid surfaces using ultrashort laser pulses was discussed [21] .
In a recent paper [22] , we investigated two possible schemes for modifying molecular scattering from flat surfaces. In the first scheme, we considered excitation of unidirectional molecular rotation via the combined action of a short laser pulse on molecules in a molecular beam, followed by a surface collision of these molecules. In the second scheme, we suggested exciting a molecular beam, consisting of two molecular species, by two properly delayed laser pulses, in order to provide selective rotational excitation of one of the species. We have shown that these two species are then scattered differently from a solid surface, in a way that the scattered beam is enriched in one of the species, for specific scattering angles.
The current paper extends the model of molecule-surface scattering that we used in [22] .
We treat here surfaces that are not flat, but corrugated on different length scales. One limit includes surfaces whose corrugation period is larger than the size of the molecule. The model we developed according to this limit is based on the model in [23] . This model is referred to throughout the paper as the corrugated surface model. This limit corresponds to highly corrugated surfaces, such as Pt(211) [23] , or LiF(001) [24] . Another limit includes surfaces with corrugation period smaller than the size of the molecule, or relatively flat surfaces. Here the model is based on the work of [25] . This model is referred to below as the surface with friction model. This limit corresponds to relatively flat surfaces, such as Ag(111), where mechanisms other than surface corrugation exist for producing forces tangent to the surface, such as: tangentially directed phonons, creation of electron-hole pairs, etc. [25] .
In this paper, we continue to investigate the ability to modify and to control the moleculesurface scattering processes by using ultrashort laser pulses. These laser pulses (mainly femtosecond laser pulses) align the molecules or set them in some specific rotational motion, before the molecules hit the surface. The paper is organized as follows: In Sec. II we present the model of molecular scattering from a corrugated surface. The classical model of interaction between an ultrashort laser pulse and a linear rigid molecule is briefly summarized in Sec. III. Then, in Sec. IV, it is shown that a laser pulse aligning the molecules before they scatter from a corrugated surface, leads to a correlation between the direction of scattering of the molecules and their sense of rotation. This correlation also depends on the direction of polarization of the laser. The two-dimensional and the three-dimensional models of molecular scattering from a surface with friction is next presented in Sec. V. Accordingly, in Sec. VI, the scattering of molecules from a surface with friction, set in rotation in a specific sense by laser pulses, is investigated. It is shown, that a correlation exists between the sense of rotation of the molecules impinging on the surface, and their scattering angles. Finally, in Sec. VII we conclude and summarize.
II. A MODEL OF MOLECULAR SCATTERING FROM A CORRUGATED SUR-

FACE
Here we develop a model and analyze the scattering of a molecule from a surface that is corrugated at a length scale larger than the size of the molecule. This model can qualitatively describe the scattering process from surfaces, such as Pt(211) [23] .
The model developed here is an extension of our model [22] from flat to corrugated surfaces. Our treatment of corrugations is based on the model of Tully [23] . The diatomic molecule is treated as a rigid dumbbell [26] . This dumbbell collides with a corrugated, but frictionless, surface, which is composed of hard cubes on identical springs, see Fig. 1 .
Each cube represents one (or several) of the surface atoms [23, 24, 27] . We assume that the corrugation is one dimensional, and that its period is larger than the molecular bond length, such that the molecule collides with a single cube that is oriented in a definite angle. We also assume that the cube oscillates with an amplitude determined by the surface temperature. This hard cube model provides a simple way of adding surface phonons to the process. For the sake of simplicity, we also assume that the cube is much heavier than the molecule, so that its velocity does not change as a result of the collision. By moving to the reference frame attached to the cube, one reduces the problem to the molecular collision with a motionless hard wall. In the moving coordinate system, the molecular total energy (translational+rotational) is conserved, but it can be redistributed between these two parts as a result of the collision.
What about the translational linear momentum of the center of mass of the molecule in the moving coordinate system? The momentum component that is locally perpendicular to the surface is not conserved, because the vibrating cube exerts forces on the molecule in this direction during the collision. On the other hand, there are no forces applied in the direction that is locally parallel to the frictionless surface, and therefore the linear momentum locally parallel to the surface is conserved. It follows, that because of the corrugation, the momentum that is globally parallel to the surface is not conserved, contrary to the case of a flat frictionless surface.
Using energy and angular momentum conservation laws (angular momentum is conserved only in the coordinate frame centered at the position of the colliding atom), we find analytic expressions for the translational and the rotational velocities of the dumbbell molecule after the collision. These velocities depend on the local velocities before the collision, and on the local angle between the dumbbell and the face of the cube at the moment of collision.
Finally, we transform the velocities back to the laboratory coordinate frame.
It is important to emphasize that our model treats the molecule as a dumbbell, although it is also possible to treat it as an ellipsoid [24] . In our model, differently from the model used in [24] , we include three-dimensional rotation and multiple collisions of the molecule with the surface.
In the next subsections, we first define the coordinates and the surface corrugation in subsection II A. Then, we consider the effects of the surface-cube vibration on the collision in subsection II B. In subsection II C, we provide the results for the molecular velocities after the collision as a function of the velocities before the collision and of the molecular orientation.
A. The coordinates and the one-dimensional surface corrugation
We treat a homonuclear diatomic molecule as a massless stick of length r e (equal to the bond length), with two balls, each of mass m, attached to its ends. To describe the motion of the molecular center of mass, we define the Z ′ -and X ′ -axes as globally perpendicular and parallel to the surface, respectively. We also define the Z-and X-axes as locally perpendicular and parallel to the surface, respectively, see Fig. 1 . The local molecular orientation is given by the vector r = 0.5r e (sin θ cos ϕ, sin θ sin ϕ, cos θ). Notice that this molecular orientation depends on the orientation of the cube on which the molecule falls. Here the polar angle between the molecular axis and the Z-axis is θ, ranging from 0 to π, and ϕ is the The angle between the local normal to the surface Z and the Z ′ -axis is denoted by α. The velocities in the primed coordinates can be expressed as a function of the velocities in the unprimed coordinates and the angle α:
Following the work of Tully [23] , we choose the simplest sinusoidal one-dimensional cor-rugation of the form:
where a is the amplitude of the corrugation, and c is its period. Scattering out of the X ′ Z ′ -plane is not possible in the framework of this model, due to the absence of corrugation along the Y ′ -direction, and to the absence of a local friction. This treatment corresponds to the measurement of in-plane scattering [28] . The model used in Sec. V incorporates out-of-plane scattering due to frictional forces parallel to the surface.
The tangent of the angle of the local surface normal α is given by:
The maximal local normal angle is α max = arctan (2πa/c), which is referred to as corrugation strength. A molecule incident on the surface at an angle θ inc , hitting a cube inclined at α, has an effective incident angle of θ inc − α. We will always assume that no "shadowing" occurs, which means that θ inc − α max > −π/2. We also assume that after a collision (possibly multiple) with a single cube, the molecule leaves the surface and cannot collide with other surface cubes. These assumptions hold for a small enough corrugation (sufficiently small
For a molecule falling on a corrugated surface with an incident angle θ inc , the probability of hitting the surface depends on the horizontal coordinate X ′ . This probability is also proportional to the cosine of the effective incident angle θ inc − α:
Substituting Eq. (3) and normalizing gives the dependence on X ′ :
where r = 2πa/c, and
B. Vibration of surface atoms -simple inclusion of phonons
The hard cube model [26, 27, 29] provides a simple way for including surface atom vibration into the collision process. The collision of a molecule with a hard wall of infinite mass is replaced by a collision with a hard cube of a finite, but a large mass M moving with velocity U. According to the model, the cube oscillates in the direction locally perpendicular to the surface. The reason is that for a flat and frictionless cube only the vertical velocity component can transfer energy to the impinging molecule. We slightly modify the original hard cube model and let the cube perform harmonic oscillations with a frequency ω M (the spring constant of the oscillator is Mω 2 M ). The position of the face of the cube, in the unprimed coordinate system, is given by:
and the velocity, therefore, is:
where A and ϕ are the amplitude and the phase of the oscillator, respectively. These A and ϕ will be chosen randomly, according to the distribution functions, as explained below.
When treating the collision process, we assume that the mass of the surface atom is much larger than the mass of the molecule, i. e. M ≫ 2m, so that the collision does not change the velocity of the hard cube. Only the velocities of the molecule change, and its total energy in the laboratory coordinate frame may increase or decrease. If we assume that the oscillating hard cubes are always in thermal equilibrium, then the constant total energy of the harmonic oscillator, equal to Mω 2 M A 2 /2, leads to the following probability distribution of the amplitudes A:
where T surf is the temperature of the solid surface, and k B is the Boltzmann constant. The phase ϕ of the oscillator is uniformly distributed between 0 and 2π.
The collision condition for a molecule falling on a surface cube can be expressed by
where Z(t) is the time-dependent position of the center of mass of the colliding molecule,
is given by Eq. (7), and 0.5r e cos θ is the z-component of the orientation vector r of the molecule.
The translational velocity of the molecule is transformed before the collision according to
, where t col is the moment of the collision. This is a usual Galilean transformation to the coordinate frame moving with the hard cube. Similarly, after the collision the translational velocity of the molecule is transformed back by V Z → V Z + U(t col ) (the collision and the change of velocities occur instantaneously in our model). The rotational velocity remains unchanged under this Galilean transformation.
C. The collision of the molecule with a frictionless surface
The collision process in the local (unprimed) coordinate system can now be treated in the same way as in [22] . Here we provide the final results, taken from the Appendix section of [22] (after substituting µ = 1 for the homonuclear diatomic molecule.)
Here and below, the subscripts i and f denote the values of variables before and after a single collision, respectively. For a collision with a frictionless cube the parallel velocity component is always conserved: V X,f = V X,i . The colliding molecule can be therefore treated as if it had only a Z-component of its center-of-mass velocity. The final perpendicular velocity component is:
Here e v i is the unit vector in the direction of the initial rotational velocity v i , and e v f −v i is given by:
where e Z is the unit vector in the direction of Z. The final rotational velocity v f can be found using:
Before, after and between the collisions (if there are several), the motion of the molecule is in free space. The translational motion of the center of mass is:
The rotational motion of the molecule is a free rotation with a constant speed v 0 . The plane of rotation is fixed and is perpendicular to the angular momentum vector, which is a constant of motion for free rotation. The orientation of the molecule as a function of time is:
where v 0 = |v 0 |, ω 0 is the angular rotational speed of the molecule, and v 0 = ω 0 r e /2. Taking the derivative, the velocity is:
III. INTERACTION OF THE MOLECULE WITH AN ULTRASHORT LASER PULSE
Here we briefly summarize the results of the classical model describing the interaction of the diatomic rigid molecule with a nonresonant ultrashort laser pulse, in the impulsive approximation. A more detailed description may be found in [30] .
The potential energy of the laser pulse interacting with the induced molecular dipole moment is given by:
where ∆α = α −α ⊥ is the difference between the polarizability along the molecular axis and the one perpendicular to it, E(t) is the envelope of the electric field of the linearly polarized laser pulse, and
is the angle between the molecular axis and the direction of polarization of the pulse. We assume that the pulse duration is very short compared to the rotational period, so that the pulse can be described in the impulsive (δ-kick) approximation.
We define the dimensionless pulse strength P , as
Planck's constant appears here and in the remainder of the paper only for the reason of unit convention. Under this convention, the quantity P is the typical value of angular momentum transferred by the pulse to the molecule.
We consider the action of a pulse linearly polarized along some arbitrary unit vector p, and determine the vector of the resulting velocity change ∆v ′ for a molecule oriented along some direction r 0 ′ . The final result is:
where I = mr 2 e /2 is the moment of inertia of the molecule.
IV. A SURFACE AS A "TENNIS-RACQUET" SELECTOR OF MOLECULES: A CORRELATION BETWEEN THE SCATTERING ANGLE AND THE SENSE OF ROTATION
In our previous publication [22] we suggested a way to produce diatomic molecules, such as N 2 , with a preferred sense of rotation using an ultrashort laser pulse and an event of (111)]. We suggested to shine a femtosecond laser pulse polarized at +45
• / − 45 • to the surface normal on molecules in a molecular beam. As a result, the flying molecules will be aligned (on average) along the direction of polarization of the pulse. After hitting the flat surface, the molecules will be "kicked" by it and receive a preferential rotational velocity of clockwise/counter-clockwise sense in the plane containing the polarization vector of the laser pulse and the surface normal.
Our current suggestion utilizes laser-aligned molecules that are scattered from a corru-gated surface, such as LiF(001), or Pt(211). The idea is based on the following consideration.
Consider diatomic molecules that are "shot" towards the corrugated surface with θ inc = 0 • , see Fig. 2 . Part of these molecules will fall on a corrugation with negative slope and will be scattered mainly to positive scattering angles θ scat , while the other part will fall on a corrugation with positive slope and will be scattered mainly to negative scattering angles. Now consider irradiating these molecules with an ultrashort laser pulse polarized along the surface normal, at 0 • , before they hit the surface. The molecules will now be aligned on average at 0 • when hitting the surface. The molecules hitting the negative slope of the corrugation will scatter to positive angles and receive a "kick" providing them a counter-clockwise rotation, while the molecules hitting the positive slope of the corrugation will scatter to negative angles and receive a "kick" providing them a clockwise rotation. Therefore, a correlation between the angle of scattering and the direction of rotation should be present in the distribution of the scattered molecules.
When atoms or molecules are scattered from a corrugated surface, rainbows might be seen in the scattering angle distribution of the scattered atoms/molecules, see the review [31] and the experiment in [24] . The angles corresponding to the rainbow scattering are determined by the points of inflection of the corrugation function. For a frozen (zero temperature) hardwall surface with a corrugation given by Eq. (2), the rainbow scattering angles are easily shown to be equal to [31] 
The simulation results discussed below were obtained using the models of Sections II and III and a Monte Carlo averaging. In Fig. 3 we plot the angular distribution of non-rotating molecules scattered from a frozen corrugated surface (T surf = 0 and α max = 20 • ). In panel (a), the incident angle is θ inc = 0 • , and in panel (b) θ inc = −10
• . In (a) the peaks correspond to Eq. (20) and are symmetric, because the incident molecules hit with equal probability the positive and the negative slopes of the surface corrugation. In (b) the peaks also correspond to Eq. (20) and the left peak is higher than the right peak. The reason is that for negative incident angles the probability of hitting the positive slope of the corrugation and scattering towards negative angles is higher than the same probability for the negative slope.
In In Fig. 4 , we "shoot" the molecules towards the corrugated surface at normal incidence (θ inc = 0 • ), "kick" them with an ultrashort laser pulse polarized along the same vertical direction, and let them scatter from the corrugated surface In Fig. 4(a) we plot a two- 
V. A MODEL OF MOLECULAR SCATTERING FROM A SURFACE WITH FRICTION
In this Section we develop a model and analyze the scattering of a molecule from a surface that is "corrugated" at a length scale much smaller than the size of the molecule. This "corrugation" is treated as a friction force acting parallel to the flat surface. The prototype for our model is the model that was used in order to describe qualitatively some effects in the scattering of nitrogen molecules from the Ag(111) surface [25] . This silver surface is practically flat, however, the measured effects in [25] suggest that in-plane tangential forces where the second collision almost cancels out the rotational excitation of the first collision. This still leaves some correlation, which is, however, much weaker than in Fig. 4 .
are present during the collision process. These in plane tangential forces can be created by different physical mechanisms, such as: tangentially directed phonons, electron-hole pair creation, etc.
Similar to Sec. II, we extend our model introduced in reference [22] . In this Section, we add a friction force between the colliding atom and the flat surface, in a similar way to [25] .
The friction force is exerted parallel to the surface, its magnitude is proportional to the local velocity of the colliding atom and its direction is opposite to this local velocity direction. In subsection V B, the model is developed for a frozen surface, and for a two-dimensional planar rotation of the molecule. In subsection V C, the model is extended to a three-dimensional rotation. The extension to a finite-temperature surface is done as in subsection II B. It is assumed that the special case when both atoms collide simultaneously with the surface never occurs.
B. A two-dimensional model of molecular scattering from a surface with friction
If the translational and rotational motion of the molecule is restricted to the XZ-plane, the Y coordinate and the V Y velocity component are always equal to zero. The orientation of the molecule in the XZ-plane can now be defined by a single angle θ that increases in a clockwise direction from the direction of the Z-axis and ranges from 0 to 2π. The rotational velocity is now defined by a single variable v = |v A | = |v B |, equal to ωr e /2, where ω is the angular velocity of the molecule.
Friction force
At the moment of the collision, two forces act on the colliding atom A: a normal force F n and a friction force F fr , see Fig. 7 . We assume that F n is a conservative force, that its functional form is not known. However, we assume that F fr is a nonconservative force that has a known functional form, given below. We also assume that the time interval during which the forces are applied is very short compared to the time it takes to the variables X, Z and θ to change significantly, such that the forces are practically instantaneous. F n is the normal force, and F fr is the friction force, given by Eq. (21) for the two dimensional case, and by Eq. (37) for the three-dimensional case.
As explained above, the friction force is given by:
where γ is the friction coefficient, e X is a unit vector in the X direction, and δ(t) is the Dirac delta function in the time variable. The time t = 0 denotes the moment the molecule arrives to its turning point during the collision with the surface. It is assumed here and below, that γ ≪ 1. The meaning of this assumption will be clear in the next paragraph.
Solution of equations of motion and conservation of angular momentum
Momentum change in the X-direction. In the following derivations, we assume that the orientation θ of the molecule is in the range between 0 and π/2. Later, we extend the final results for any angle. Newton's equation of motion for the center of mass motion in the X-direction is:
After integrating over the time of the collision, we obtain:
where the superscripts − and + denote the values of the variables immediately before and after the collision, respectively. We assume that during the collision the position and the orientation of the molecule do not change, while the velocities do change. We assume that the velocities at the turning point V X (0) and v(0) are equal to the velocities before the collision V − X and v − , respectively. This assumption is valid, because our basic assumption is that γ ≪ 1, and this means that the change in V X as the result of the friction force is small, compared to V X itself. We obtain:
where the absolute value makes the expression valid also for values of θ higher than π/2.
Defining the effective speed of the colliding atom before the collision as:
Eq. (24) can be written as:
Angular momentum conservation with respect to the origin O. Taking the point O to be the origin (see Fig. 7 ), it can be seen that the lever arms of the forces F n and F fr are zero. This leads to the conclusion that the collision process preserves the angular momentum of the molecule, measured with respect to the origin O. In addition, the angular momentum of atom A is zero, so the conservation law is:
or, explicitly:
similar to Eq. (4) in [22] .
Energy change. The total molecular energy is the sum of the translational energy of the center of mass and the rotational energy with respect to the center of mass, and is given by:
The rate of change of the energy during the collision, or the power, is given by:
Integrating over the collision time, noticing that F n is a conservative force that does not contribute to the change of energy and using Eq. (21), we obtain:
Using Eq. (29), assuming that the velocities at the turning point are equal to the velocities before the collision and performing some rearrangements, we arrive at:
The final velocities
The velocity V + X is given by Eq. (26) . Using Eqs. (26), (28) and (32) the values of V + Z and v + can be found using tedious but straightforward algebra. We solve a quadratic equation, and the sign before the square root is chosen such that the following equations for γ = 0 are consistent with Eqs. (11) and (13) . At the end, we generalize the final results for the orientation angle θ in the range from 0 to 2π, by adding an absolute value [as in Eq. (24)], and a correct sign, where necessary. We also neglect terms proportional to γ 2 , while leaving terms proportional to γ, for consistency with the assumption γ ≪ 1. The final result is:
Using Eqs. (26) and (28), the result for v + , expressed using V + Z is:
or, after substituting Eq. (33):
In the equations above, sgn(a) denotes the signum function, defined as sgn(a) = a/|a|.
The free motion of the molecule before, after, and in between the collisions is according to Eqs. (14), (15), (16) . Equations (15) and (16) for a two-dimensional rotation reduce to:
The condition for collision of the molecule with the surface is given by Eq. (10), where Z M (t) = 0 for a frozen surface.
C. A three-dimensional model of molecular scattering from a surface with friction
Now we extend the model to the case of a three-dimensional rotation. By our convention (see Fig. 7 ), at the moment of collision the atom touching the surface is denoted by A, while the other atom is denoted by B. It follows that at the moment of collision the orientation of atom A is given by r A = −r, if the z-component of the orientation vector r is positive, and it is given by r A = r, if the z-component of the orientation vector r is negative.
The rotational velocity of the molecule is now given by the vector v, which is changing with time, as opposed to the scalar quantity v = |v|, which is constant for a freely rotating molecule. The components of the velocity v are given by (v x , v y , v z ), where the (x, y, z)
coordinate system is fixed to the center of mass of the molecule and is parallel to the (X, Y, Z) system.
In the three-dimensional rotation case, the velocity component V Y , that is initially zero, can become nonzero, because of the friction forces acting in the Y -direction.
Friction force
The friction force is now proportional to the local velocity component of atom A parallel to the surface, and is given by: 
and
Finding the energy change according to Eq. (30), we obtain, similar to Eq. (31):
In the last equation E denotes the total molecular energy, equal to:
The equation for angular momentum conservation, similar to Eq. (28), is now expressed in vector form:
or, changing the orientation and rotational velocity vectors from the non-colliding atom B to the colliding atom A:
The final velocities
Solving together Eqs. (38), (39), (40) and (43) (Mathematica 7 software was used), and neglecting terms proportional to γ 2 or a higher power, we obtain the following expression for V + Z :
where
Eq. (44) 
The last equations reduce to equations from Sec. II C if e is replaced by e Z . This can be done in the case of scattering from a frictionless surface, because in such a collision the V X and V Y components are conserved, and the collision can be treated as a collision perpendicular to the surface, leading to e = e Z .
VI. SCATTERING OF UNIDIRECTIONAL ROTATING MOLECULES FROM A SURFACE WITH FRICTION
In the current Section, we investigate the influence of the direction of rotation of molecules on their scattering from a surface with friction. In subsections VI A and VI B we consider some idealized cases of non-rotating and rotating molecules randomly oriented in the XZplane, that are scattered from a frozen surface with friction. After clarifying the "clean" effects seen for two-dimensional, zero temperature surface conditions, we treat the threedimensional molecular rotation, finite temperature vibrating surface case, with addition of laser pulses, in subsection VI C. if the strong normal force F n and the weak friction force F fr are analyzed for the molecule hitting the surface, see Fig. 7 . The normal force gives some velocity to the molecule, which is symmetric but opposite in sign for molecules inclined by the same angle to the right (0
• < θ 0 45
• ) and to the left (135
. This can be also seen from the second term on the right of Eq. (34) . On the other hand, the friction force acts always in the same direction on the molecules falling on the surface from the left (negative incident angles).
This way, the friction speeds up the rotation, caused by the normal force, of a molecule inclined to the right, however, it slows down the rotation of a molecule inclined to the left.
This can be seen from the third term on the right of Eq. (34), which has a positive sign for all the angles θ, for non-rotating molecules.
The third region of the curves in Fig. 8 (45
• ) is a region where the scattering process contains double collisions. Here, the rotational velocity given to the molecule by the first collision is approximately canceled out by the second collision.
In Figure 9 (a) we plot the scattering angle distribution of non-rotating molecules in the XZ-plane scattered from a frictionless surface. The majority of the molecules scatter towards the specular angle around 45
• , as expected from Fig. 8 . However, from Fig. 9(b) we see that when friction is added, two peaks appear in the distribution, and they move to smaller scattering angles. The shift to smaller angles can be understood as an effect of the rough surface that "slows down" the translational motion of the molecules in the X-direction. The peak at 42 • in Fig. 9 (b) corresponds to molecules that collide once with the surface, while oriented at and near θ = 0
• . The higher peak at 39
• corresponds to molecules oriented around θ = 90
• and colliding twice with the surface. The molecules colliding twice lose more of V X than the molecules colliding once, and scatter, as a result, to smaller scattering angles. The location of the peaks for non-rotating molecules can be found according to:
where n is the number of collisions, that can be equal to 1 or 2.
B. Scattering of unidirectional rotating molecules -an idealized two-dimensional case
Here we examine the ideal scenario of molecules in the XZ-plane, all rotating unidirectionally at a constant angular speed, and colliding with a frozen surface with friction.
In Sec. VI C, we extend this scenario to more realistic conditions: molecules set in a threedimensional rotational motion by femtosecond laser pulses, colliding with a vibrating surface at a finite temperature.
Unidirectionally rotating molecules colliding with a surface with friction can be viewed as a rotating wheel falling on the ground. Inverting the direction of rotation of the wheel should change the scattering process, as explained below.
Imagine a wheel falling on the rough surface from the left, while rotating clockwise. Let us suppose that the rotational velocity of the wheel is high enough, such that the effective velocity of the wheel at the point of contact is directed to the left. In this case, the friction force that is exerted by the surface at impact is directed to the right. This friction force will cause the wheel to scatter towards scattering angles higher than at the absence of friction.
On the other hand, for a wheel that rotates counter-clockwise, the friction force created at the point of contact is directed to the left. This friction force will cause the wheel to scatter towards scattering angles lower than at the absence of friction and closer to the surface The surface is composed of cubes with M = 108 a.u., corresponding to silver atoms, with oscillation frequency of ω M = 10 13 Hz, corresponding to the Ag(111) surface [32] . See Sec.
II B for the definition of the parameters. The surface is at room temperature, T surf = 300 K, and has a friction coefficient of γ = 0.1.
Before hitting the surface, the molecules are illuminated by two consecutive laser pulses, following the scheme introduced in [33] , and experimentally realized in [34] . See Section III for the rotational velocity change caused by a single laser pulse. The first linearly polarized ultrashort laser pulse causes transient alignment of the molecules. The second pulse, hitting the molecules at the moment of maximal alignment, and polarized at 45
• to the first pulse, causes the molecules to rotate preferentially in the plane defined by the polarization directions of the two pulses. The sense of rotation (clockwise vs. counterclockwise) is defined by the relative orientation of the polarization directions of the first and the second pulse. We want to create a rotation in the XZ-plane, and choose the polarization direction of the first pulse to be along the Z-axis. This fixes the polarization direction of the second pulse to ±45
• from the Z-axis, where the plus sign corresponds to the ignition of the clockwise rotation in the XZ-plane, while the minus sign ignites the counter-clockwise rotation. The pulse strength chosen is P 1 = 5 for the first pulse and P 2 = 10 for the second pulse. The value of P 2 is higher than that of P 1 , unlike in [33] , in order to create higher rotational velocities.
In Fig. 12 we show two distributions of scattering angles, corresponding to the simulations with the parameters above. The dashed line (blue) distribution corresponds to molecules set in a clockwise rotation by the laser pulses, while the solid line (black) distribution corresponds to the counter-clockwise rotating molecules. A distinction of about 5
• can be made between the peaks of the two distributions. The distinction between the oppositely rotating molecules is not as sharp as in the idealized case of Figs. 10 and 11, and the two distributions in Fig. 12 have a significant overlap. However, at the left edge of the distributions a significant contrast exists between the numbers of oppositely rotating scattered molecules.
As an example, between the angles of 10 • and 15
• to the surface normal, the probability to find counter-clockwise rotating molecules is about one order of magnitude higher than the probability to find clockwise rotating molecules. 
VII. CONCLUSIONS
We introduced two simple classical models, that are both based on the hard cube model, and both treat the diatomic molecule as a dumbbell. The models were used to describe the laser-induced modification of the molecule-surface scattering process. The first model treated the surface as a frictionless surface with a corrugation geometry. The second model treated the surface as flat, with tangential friction forces present.
Using these two models, two potential schemes of laser-controlled surface scattering were introduced and investigated. In the first scheme, the molecules were aligned parallel or perpendicular to the surface by a laser pulse, before hitting the surface. These molecules scattered mainly in two different directions, according to the surface corrugation, and the angle of incidence. The molecules in these two directions were found to be rotating in an opposite sense. This difference in angular momentum between the molecules can, in principle, be detected using resonance-enhanced multiphoton ionization (REMPI) spectroscopy [25, 34] . In the second scheme, the molecules were prepared in a state with a specific sense of rotation before the scattering from the surface. It was shown that because of the friction with the surface the scattering angles of the rotating molecules depend on their initial direction of rotation. This result, combined with suggestions in [33] , can provide new means for separation of molecular mixtures of different species (such as molecular isotopes, or nuclearspin isomers). It is our hope, that this work will arouse interest in the femtosecond lasers community, as well as in the molecule-surface scattering field of research.
